
Asymmetric MRI Magnet Design Using a Hybrid Numerical Method
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This paper describes a hybrid numerical method for the design nerve stimulation due to the gradient coil configuration.
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f asymmetric magnetic resonance imaging magnet systems. The
roblem is formulated as a field synthesis and the desired current
ensity on the surface of a cylinder is first calculated by solving a
redholm equation of the first kind. Nonlinear optimization meth-
ds are then invoked to fit practical magnet coils to the desired
urrent density. The field calculations are performed using a
emi-analytical method. A new type of asymmetric magnet is
roposed in this work. The asymmetric MRI magnet allows the
iameter spherical imaging volume to be positioned close to one
nd of the magnet. The main advantages of making the magnet
symmetric include the potential to reduce the perception of
laustrophobia for the patient, better access to the patient by
ttending physicians, and the potential for reduced peripheral
erve stimulation due to the gradient coil configuration. The
esults highlight that the method can be used to obtain an asym-
etric MRI magnet structure and a very homogeneous magnetic

eld over the central imaging volume in clinical systems of ap-
roximately 1.2 m in length. Unshielded designs are the focus of
his work. This method is flexible and may be applied to magnets
f other geometries. © 1999 Academic Press

Key Words: MRI magnet; asymmetric design; hybrid numerical
ethod.

A major specification of the static field in magnetic re
ance imaging (MRI) is that it has to be homogeneous ove
iameter spherical imaging volume (dsv). The errors are
lly less than 10 ppm rms over a 45–50 cm dsv. Convent
edical MRI systems are typically around 1.6–2.0 m in len
ith free bore diameters in the range 0.8–1.0 m (1–15). Nor-
ally, the magnet is symmetric and dsv is located in
eometric center of the structure. Many of the early ma
esigns, in theory, were based on the work of Garrett (1–3).
ecently, a stochastic optimization technique was succes
sed to design symmetric, compact MRI magnets (14).
In this work, the primary objective was to develop n

esigns for compact asymmetric MRI magnet structures
hat the dsv region could be located as close as possible t
nd of magnet. The main advantages of making the ma
symmetric include the potential to reduce the perceptio
laustrophobia for the patient, better access to the patie
ttending physicians, and the potential for reduced perip
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onstraints placed on the new magnet were that the ov
ength of the magnet be less than 1.25 m with a free bo
bout 1.0 m and the dsv at about 0.1 m from the end o
agnet coils. Furthermore, the design must ensure su

afety margins for the use of niobium–titanium supercon
ors and generate 1.0 T with suitable homogeneity over at

45 cm dsv.
The challenge in designing a compact asymmetric magn

he retention of high homogeneity conditions over the ima
olume, as magnet homogeneity is strongly dependent o
verall length of the coil structure. Another parameter stro
ffecting homogeneity is the relaxation factor (g 5 d/R) (see
ig. 1) that defines as a ratio the distance (d) from the end o

he coil to the beginning of the dsv on axis with free bore ra
R). Consequently, the smallerg, the more difficult it is to
btain the homogeneity requirements in the dsv.
In this paper, a new hybrid numerical method is propose

etermine the final coil design. The method combines
nverse current density approach previously used in gra
16, 17) and shim coil (18) designs and nonlinear optimizati
umerical techniques. The field calculation is performed
emi-analytical method, which has been developed by Fo
t al. (20). It is well known that there is no unique solution
particular magnet structure; therefore, an inverse approa
current density method was used to find a suitable cu

ensity profile for a specified total magnet length, dsv size
osition, and required field strength. This distribution is use
starting point for the coil block design, and then a nonlin

ptimization method is used to refine the configuration of
agnet. The primary objective was to develop new design

ompact asymmetric MRI magnet structures with relaxa
actorsg # 0.20, so that the dsv region could be located
lose as possible to the one end of magnet.
The first step in the design process is to find the so

urrent density, which is constrained to the surface of a c
er of fixed length. The current densityJ, which must produc
homogeneous magnetic field over the dsv, can be rela

pecific magnetic field distribution by an integral equa
btained from the Biot–Savart law (19). In a conventional MR
agnet design, the problem is presented as Fig. 1, an air-

oil with an infinitely thin winding tape carrying current. T
ntegral equation has the expression
rt.
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K~ z, j!J~j!dj 5 Bz. [1]

or computational efficiency, this approach only considers
agnetic field distribution along theZ-axis. Therefore, th

ernel function isK( z, j) 5 m 0R
2/(2(R2 1 ( z 2 j) 2) 3/ 2).

quation [1] is a linear Fredholm integral equation of the
ind, which can be represented by the discrete syste
lgebraic equations

O
i51

n

AjiJi 5 Bz j, j 5 1, 2, . . . ,m, [2]

hereAji is am 3 n matrix which is generated from the kern
unction. Whenm . n, there is more information than u
nowns and the problem is over specified.
In general, numerical solution of [2] is a difficult tas

ecause this problem belongs to the class of so-called ill-p
roblems, and direct solution of the system generally yie
ector J whose components will oscillate wildly around
orresponding values of the solution of [1]. A special num

FIG. 1. An air-cored coil with an infinitely thin current density layer in
ully symmetric magnet system.

FIG. 2. A solution for a symmetric magnet: (a) the normalized curre

z field distribution onZ-axis.
e

t
of

ed
a

-

he asymptotic regularization method (22). A general regular
zed solution J is given by the solution of the followin
ptimization problem:

min\AJ 2 Bz\
2. [3]

The direct solution of [3] is generally numerically unstab
symptotic regularization is obtained by solving the system
ifferential equations

dJ~t!

dt
5 2A TAJ ~t! 1 A TBz, [4]

hereA T is the transpose matrix ofA, andt is an independen
ariable. The solutionJ asymptotically converges to the so
ion of Eq. [3], ast 3 `.

The next step is to find the coil structure of the MRI mag
esign. The coil has to be partitioned into a number of blo
nd each of them has a rectangular cross section. Initially
umber of the blocks are determined by number of oscilla

n the solutionJ. Once an initial descretization of the c
eometry has been made, based onJ, the structure must b
efined. In principle, the magnetic field produced by a
aving many turns of wire can be computed in the same
s before. All that is required is to apply the Biot–Savart
nd integrate along each turn in the (short) solenoids. How

f a very large number of turns are involved, this proced
ecomes prohibitively expensive for optimization. An alter

ive approach, which was proposed by Forbeset al. (20 and
eferences therein), is used for computing the magnetic
roduced by a circular coil that contains a large numbe

urns wound onto a solenoid of rectangular cross sec
herefore, the magnetic field analysis is given as

B~r , u, z! 5 O
j51

N

Mrj~r , u, z, Rj, j j, wj, hj!I 0r̂

1 Mzj~r , u, z, Rj, j j, wj, hj!I 0ẑ, [5]

ensity distribution, (b) the error within dsv on theZ-axis, and (c) the normalize
nt d
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hereN is the total number of the coils, (r , u, z) is the field
ocation, (Rj , j j , wj , hj) are coordinates of the coil,Mr andMz

re the kernel of the summation that can be found in (20).
For nonlinear optimization design, the first step is to de
target fieldB̃z in a control region that can be chosen as

umber of sample pointsB̃zi(r i , u i , zi). Then, the problem
ecomes to search a solution set ofx 5 (Rj , j j , wj , hj ; j 5 1,
, . . . , N; I 0), wherex is n dimensional vector (n 5 4N 1
). These solutions produce a fieldBz that match the targ
eld in the control region, that is

Bzi~r i! 5 O
j51

N

Mzj~r i, xk14~ j21!, k 5 1, . . . , 4! x~4N11!

5 B̃zi~r i!, i 5 1, 2, . . . ,m,
[6]

herem is the total number of control sample points, andr i 5
r i , u i , zi). Equation [6] can be reranged as a system o
omogeneous equation

FIG. 3. An air-cored coil with an infinitely thin current density layer in
symmetric magnet.

FIG. 4. A solution for the asymmetric magnet of design 1: (a) the n
c) the normalizedBz field distribution onZ-axis.
e
e

e

f i~x! 5 O
j51

Mzj~r i, xk14~ j21!, k 5 1, . . . , 4! x~4N11!

2 B̃zi~r i! 5 0, i 5 1, 2, . . . ,m
[7]

ith n unknown variables. In general,m $ n is chosen so tha
q. [7] is an over-determinate system. This nonlinear op
ation problem can be solved as a nonlinear least sq
roblem; that is, letD be a solution space,f: D , Rn 3 Rm,
5 ( f 1, f, . . . , fm)T, and define a function as

F~x! 5 1
2 f T~x!f ~x!, F: D , Rn 3 R1. [8]

his function is the measure of the total difference betwee
arget field and the field produced by the coils. The optim
can be obtain by solving Eq. [8] for the minimumF value,

hat is

min
x[D

F~x! 5 min
x[D

1
2 f T~x!f ~x!. [9]

he Levenberg–Marquardt method (21) is used that gives

@Df T~x k! Df ~x k! 1 akI #pk~ak! 5 2Df T~x k!f ~x k! [10]

x k11 5 x k 1 lkpk~ak!, [11]

here

Df T~x! 5 3
­f1

­ x1

­f2

­ x1

· · ·
­fm

­ x1

­f1

­ x2

­f2

­ x2

· · ·
­fm

­ x2·
·
·

·
·
·

···
·
·
·

­f1

­ xn

­f2

­ xn

· · ·
­fm

­ xn

4 , [12]

alized current density distribution, (b) the error within the dsv on theZ-axis, and
orm
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herea $ 0 is a damp factor,I is the identity matrix,p is the
earch direction, andl is a parameter that can be found
sing one-dimensional nonlinear optimization techniq
quation [10] is ann-dimensional linear system. TheLU

FIG. 5. Solutions for the example asymmetric magnets: (a) and (b)
re counter-wound to the others; (c) and (d) the error over the complete

o the dsv with 240 A transport current of magnet 1 and 2, respectively
s.

ecomposition method was used to solve forp. The solutionx
s obtained whenF(x) # e is satisfied.

We first illustrate this method with a relatively unco
trained symmetric magnet example. The current densit

s section of compact asymmetric magnet 1 and 2, respectively. Coils t
v of magnet 1 and 2, respectively. (e) and (f) theBz field distribution pattern relativ
cros
ds
.
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W
P 0

LE

C
C
C
C
C
C
C
C
C

344 COMMUNICATIONS
uired is shown in Fig. 1. The overall length of the magne
5 1.5 m, the radius of the free bore isR 5 0.6 m, and th

adius of the dsv isr 5 0.25 m. Therelaxation factor isg 5
.833. The field pointsBzj were defined to be of constant va
ithin the dsv. The solution was obtained with a maxim
eak-to-peak error of about 2 ppm within the dsv along
-axis. The normalized current density distribution, the e
rofile, and the normalizedBz field distribution are given i
igs. 2a, 2b, and 2c, respectively. We note that the cu
ensity has a similar form to that seen by others (23).
As Fig. 2 shows, this approach results in a suitable cu

ensity profile, which generates a homogeneousBz field on the
xis. These results provide a very useful starting point for a
ound design, in which the field over the complete ds
onsidered. In the asymmetric case (see Fig. 3) two struc
ere designed. The overall length of each magnet wasL 5 1.2
, the radius of the free bore wasR 5 0.5 m, and the radiu
f the dsv wasr 5 0.21 m. Therelaxation factors wereg 5
.18 andg 5 0.26, respectively, corresponding to design
hich the dsv was positioned at either 9 or 13 cm from the
f the coil structure.
Figure 4 shows the final result of normalized continu

urrent density profile, the error, and theBz field distributions
n theZ-axis of the 10 cm dsv epoch magnet design. Sinc

Asymmetric Magnet Design Results

Design 1 Design 2

otal length (m) 1.2 1.2
ield strength (T) 1.0 1.0
ransport current (A) 240 240
sv (cm)
40 epoch(cm)/Vrms(ppm) 9.0/2.8 13.0/3
45 epoch(cm)/Vrms(ppm) 7.5/7.0 11.5/8
50 epoch(cm)/Vrms(ppm) 4.0/19.0 8.0/22
ire length (km) 130 64
ire turns density (cm22) 50.0 50.0
eak field in superconductor (T) 8.2 8.

TAB
Coil Configur

Design 1

R1 R2 Z1 Z2

oil 1 0.888647 1.019661 0.000000 0.230233
oil 2 0.556452 0.819145 0.000000 0.033506
oil 3 0.527031 0.592246 0.259035 0.355951
oil 4 0.487356 0.524118 0.287825 0.349032
oil 5 0.555548 0.557867 0.418295 0.602217
oil 6 0.521077 0.521786 0.615035 0.841080
oil 7 0.514972 0.523409 0.895588 1.212376
oil 8 0.593770 0.605756 0.123928 0.135913
oil 9 0.698071 0.701878 0.128102 0.131917
s

e
r

nt

nt

il
s
es
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d

s

e

aximum error eventually only converged to about 200
eak-to-peak within the dsv. However, this solution still p
ides enough information to allow an initial coil pattern to
stablished. Nonlinear optimization or the simulated anne
ethod may then be used to refine the coil structure.

nteresting to note (see Figs. 2c and 4c) that the prin
mpurities in the symmetric design are of even order, w
hose in the asymmetric case possess odd symmetry.

The continuous current density function shown in Fig. 4
learly oscillating positively and negatively. According
hese distributions, at leastl 5 7 coils are needed for magn
tructure to reasonably approximate the continuous cu
istribution. Each coil has 4 parameters to be determined
oordinates of the center, width, inner radius, and height o
lock. For the convenience of initial design, the same t
ensity was used for all the coils (0.5 mm22) and constan

ransport current assumed. The constant target field (Bztag) was
et to 1.0 T. For the case presented here, the sample
m 5 150) evenly spaced over the dsv and including
urface were selected and the algorithm set a target to r
he peak-to-peak error within the dsv to less than 10 ppm

Since the initial values of the coil dimensions and posi
ere determined from a continuous current density profile
ake the assumption that the initial set ofx were in the domai
f the globe minimum. This has been confirmed by runn
everal Simulated Annealing algorithms on the initial value
nsure that they are in the vicinity of the global minimum.
onlinear method then descends to the optimal solution.

hermore, the current density distributions shown from Fi
nly guarantee the homogeneity of theBz field on theZ-axis
ithin dsv. When our nonlinear optimization technique w
sed for resizing the discrete coils forBz generation over th
ntire dsv, the solution was, not surprisingly, different fr

hat when only theZ-axis fields were considered. The so
ions, however, have the same general topology, indicatin
dvantage of using the initial current density approxima
omputation times for asymmetric designs were app
ately 3–4 min for the current density calculations and u

2
ns in Meters

Design 2

R1 R2 Z1 Z2 J

0.678349 0.831083 0.000000 0.120118 1
0.417993 0.622359 0.000000 0.017729 2
0.500673 0.546588 0.153321 0.213309 2
0.545729 0.552018 0.314059 0.422412 2
0.537916 0.542539 0.485078 0.643620 1
0.523675 0.526570 0.633419 0.845569 1
0.510686 0.521938 0.872007 1.202192 1
atio

J

1
2
2
1
2
2
1
1
1
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h for the block optimization when implemented on an
rigin 2000.
Figure 5 illustrates the final results for the compact as
etric MRI magnet designs, Table 1 summarizes their p
rties, and Table 2 shows the detail configuration of each

or both designs. In all cases, the finalVrms values on the ds
ere calculated using 600 points to ensure over samplin
While both magnets produce useful fields (see Fig. 5)

ign 2 is much more economical and is therefore prefe
his is a consequence of attempting to force the dsv epo
e very near the magnet end and results in large cancel
elds and excessive wire lengths. Design 2 has a volume
f about 8 ppm over a dsv of 45 cm, the epoch of which is
m from the end of the magnet. The magnet structur
uildable and the peak fields and current densities are w
orking limits of NbTi conductors. The energy storage
esign 2 is approximately 5.9 MJ.
A conventional, symmetric magnet of 1.2 m (14) requires

nly 41 km of wire, the additional wire costs of design 2 be
ue to its strong asymmetry. As the dsv moves closer to
eometric center of the magnet structure the wire costs re
he contour plot of Fig. 5f illustrates the position and purity
sv. Figure 6 provides a perspective view of the final ma
tructure. In this figure, darkly shaded coils are counter-wo
o all others. It is instructive to compare the asymmetric de
o a symmetric design of similar dsv size and epoch. A 67
ong symmetric system, designed using our approach, req
pproximately 112 km of wire and has a resultant purity
bout 20 ppmVrms over a 45 cm dsv. The asymmetric syst

s thus preferable to this system in both cost and dsv pu
symmetric gradient coils would, of course, be used in
symmetric magnets and potentially there would be a redu

n the volumetric­B/­t exposure and hence in peripheral ne
timulation.

FIG. 6. The compac
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In summary, a hybrid numerical method has been suc
ully applied to the design of new, compact, asymmetric M
agnets. This method is flexible and may be applied to m
ets of other geometries. A design was detailed which allo
45 cm dsv to begin only 11 cm away from one end of
agnet with overall length 1.2 m. In this magnet, most of
atient will remain outside the magnet structure allowing
ificantly improved physician access and reduced percepti
laustrophobia in many cases. We note that in a cardiac e
nation, for example, the patient’s head would be outside

agnet structure. While this work has focused on single-l
urrent densities and coil implementations thereof, the me
s extendable to multilayer current densites which may be
or multiple primaries or for shielding windings.
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